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( 57 ) ABSTRACT 
A system and method for recovering from a failure during 
the position tracking of an RF - transmitting device includes 
tracking the position of the radio frequency ( RF ) transmit 
ting device based on RF signals emitted by the RF - trans 
mitting device . If the tracking loses the position of the 
RF - transmitting device , new phase difference data are cal 
culated from the RF signals transmitted by the RF - transmit 
ting device and received at four or more antennas . A subset 
of candidate position solutions for evaluation is identified 
based on the new phase difference data . One or more of the 
candidate position solutions in the subset is evaluated to find 
an acceptable position solution . The tracking of the position 
of the RF - transmitting device resumes using the acceptable 
position solution . 

( 56 ) References Cited 
U . S . PATENT DOCUMENTS 

3 , 824 , 596 A 
3 , 940 , 700 A 

7 / 1974 Guion et al . 
2 / 1976 Fischer 10 Claims , 4 Drawing Sheets 

12a 12b 12d 
RF TRANSMITTING 

DEVICE 
11 

RECEIVER CHANNEL 

DATA PROCESSOR 
14 



US 10 , 180 , 490 B1 
Page 2 

( 56 ) References Cited 
U . S . PATENT DOCUMENTS 

5 , 657 , 026 A 8 / 1997 Culpepper et al . 
5 , 923 , 286 A 7 / 1999 Divakaruni 
5 , 953 , 683 A 9 / 1999 Hansen et al . 
6 , 167 , 347 A 12 / 2000 Lin 
6 , 255 , 991 B1 * 7 / 2001 Hedin GOIS 3 / 48 

342 / 424 
6 , 292 , 750 B1 9 / 2001 Lin 
6 , 409 , 687 B1 6 / 2002 Foxlin 
6 , 412 , 748 B1 7 / 2002 Girard 
6 , 417 , 802 B1 7 / 2002 Diesel 
6 , 496 , 778 B1 12 / 2002 Lin 
6 , 512 , 748 B1 1 / 2003 Mizuki et al . 
6 , 593 , 885 B2 7 / 2003 Wisherd et al . 
6 , 630 , 904 B2 10 / 2003 Gustafson et al . 
6 , 683 , 568 B1 1 / 2004 James et al . 
6 , 697 , 736 B2 2 / 2004 Lin 
6 , 721 , 657 B2 4 / 2004 Ford et al . 
6 , 750 , 816 B1 6 / 2004 Kunysz 
6 , 861 , 982 B2 3 / 2005 Forstrom 
6 , 989 , 789 B2 1 / 2006 Ferreol et al . 
7 , 009 , 561 B2 3 / 2006 Menache 
7 , 143 , 004 B2 11 / 2006 Townsend et al . 
7 , 168 , 618 B2 1 / 2007 Schwartz 
7 , 190 , 309 B2 3 / 2007 Hill 
7 , 193 , 559 B2 3 / 2007 Ford et al . 
7 , 236 , 091 B2 6 / 2007 Kiang et al . 
7 , 236 , 092 B1 6 / 2007 Kiang et al . 
7 , 292 , 189 B2 11 / 2007 Orr 
7 , 295 , 925 B2 11 / 2007 Breed et al . 
7 , 409 , 290 B28 / 2008 Lin 
7 , 443 , 342 B2 10 / 2008 Shirai et al . 
7 , 499 , 711 B23 / 2009 Hoctor et al . 
7 , 533 , 569 B2 5 / 2009 Sheynblat 
7 , 612 , 715 B2 7 / 2009 Macleod 
7 , 646 , 330 B2 1 / 2010 Karr 
7 , 868 , 760 B2 1 / 2011 Smith et al . 
7 , 876 , 268 B2 * 1 / 2011 Jacobs GO1S 5 / 0215 

342 / 465 
8 , 269 , 624 B2 9 / 2012 Chen et al . 
8 , 457 , 655 B2 6 / 2013 Zhang et al . 
8 , 749 , 433 B2 6 / 2014 Hill 
9 , 063 , 215 B2 6 / 2015 Perthold et al . 
9 , 120 , 621 B1 9 / 2015 Curlander 
9 , 482 , 741 B1 11 / 2016 Min 
9 , 497 , 728 B2 11 / 2016 Hill 
9 , 519 , 344 B1 12 / 2016 Hill 

B1 10 / 2017 Hill 
9 , 933 , 509 B2 4 / 2018 Hill et al . 
9 , 961 , 503 B2 5 / 2018 Hill 

10 , 001 , 833 B2 6 / 2018 Hill 
2002 / 0021277 AL 2 / 2002 Kramer 
2002 / 0140745 Al 10 / 2002 Ellenby 
2003 / 0053492 A1 3 / 2003 Matsunaga 
2003 / 0120425 A1 * 6 / 2003 Stanley G01C 21 / 165 

701 / 500 
2003 / 0176196 A1 * 9 / 2003 Hall . . . . . . . . . . . . G01S 5 / 0205 

455 / 456 . 1 
2003 / 0195017 Al 10 / 2003 Chen et al . 
2004 / 0095907 Al 5 / 2004 Agee et al . 
2004 / 0176102 AL 9 / 2004 Lawrence et al . 
2004 / 0203846 Al 10 / 2004 Carronni et al . 
2005 / 0143916 A16 / 2005 Kim et al . 
2005 / 0184907 A1 * 8 / 2005 Hall . . . . . . . . . . . . . . . . . GO1S 5 / 0205 

342 / 387 
2005 / 0275626 AL 12 / 2005 Mueller et al . 
2006 / 0013070 A11 / 2006 Holm et al . 
2006 / 0061469 A1 3 / 2006 Jaeger 
2006 / 0066485 A1 * 3 / 2006 Min GOIS 5 / 06 

342 / 465 
2006 / 0101497 A15 / 2006 Hirt 
2006 / 0279459 Al 12 / 2006 Akiyama 
2006 / 0290508 A1 12 / 2006 Moutchkaev et al . 
2007 / 0060384 AL 3 / 2007 Dohta 
2007 / 0138270 A1 6 / 2007 Reblin 

2007 / 0205867 AL 9 / 2007 Kennedy et al . 
2007 / 02 10920 A1 9 / 2007 Panotopoulos 
2007 / 0222560 A1 9 / 2007 Posamentier 
2008 / 0048913 Al 2 / 2008 Macias et al . 
2008 / 0143482 A1 6 / 2008 Shoarinejad et al . 
2008 / 0154691 Al 6 / 2008 Wellman et al . 
2008 / 0204322 AL 8 / 2008 Oswald et al . 
2008 / 0316324 A112 / 2008 Rofougaran 
2009 / 0149202 A1 6 / 2009 Hill et al . 
2009 / 0243932 A1 * 10 / 2009 Moshfeghi G01S 5 / 14 

342 / 378 
2010 / 0090852 A1 * 4 / 2010 Eitan . GO8G 1 / 207 

340 / 686 . 1 
2010 / 0103173 A1 4 / 2010 Lee 
2010 / 0103989 Al 4 / 2010 Smith et al . 
2010 / 0123664 A1 5 / 2010 Shin et al . 
2011 / 0006774 Al 1 / 2011 Baiden 
2011 / 0037573 A1 2 / 2011 Choi 
2011 / 0187600 A1 8 / 2011 Landt 
2011 / 0208481 A1 8 / 2011 Slastion 
2011 / 0210843 Al 9 / 2011 Kummetz 
2011 / 0241942 A1 10 / 2011 Hill 
2011 / 0256882 Al 10 / 2011 Markhovsky et al . 
2012 / 0013509 A11 / 2012 Wisherd et al . 
2012 / 0127088 AL 5 / 2012 Pance et al . 
2012 / 0176227 A1 * 7 / 2012 Nikitin . . . . . . . . . . . . . . GO6K 7 / 10356 

340 / 10 . 2 
2012 / 0184285 A1 7 / 2012 Sampath 
2012 / 0286933 AL 11 / 2012 Hsiao 
2012 / 0319822 Al 12 / 2012 Hansen 
2013 / 0021417 AL 1 / 2013 Miho et al . 
2013 / 0036043 AL 2 / 2013 Faith 
2013 / 0314210 AL 11 / 2013 Schoner 
2014 / 0253368 A1 * 9 / 2014 Holder . . . . . . . . . GO1S 13 / 003 

342 / 146 
2014 / 0300516 A1 10 / 2014 Min et al . 
2014 / 0361078 A1 12 / 2014 Davidson 
2015 / 0009949 A11 / 2015 Khoryaev et al . 
2015 / 0039458 A1 2 / 2015 Reid 
2015 / 0091757 A1 4 / 2015 Shaw et al . 
2015 / 0130664 Al 5 / 2015 Hill 
2015 / 0169916 A1 6 / 2015 Hill 
2015 / 0323643 A1 11 / 2015 Hill et al . 
2015 / 0362581 AL 12 / 2015 Friedman 
2015 / 0379366 Al 12 / 2015 Nomura 
2016 / 0142868 A15 / 2016 Kulkarni et al . 
2016 / 0156409 A1 6 / 2016 Chang 
2016 / 0178727 Al 6 / 2016 Bottazzi 
2016 / 0256100 Al 9 / 2016 Jacofsky et al . 
2016 / 0286508 Al 9 / 2016 Khoryaev et al . 
2016 / 0366561 A112 / 2016 Min et al . 
2016 / 0370453 A1 12 / 2016 Boker et al . 
2016 / 0371574 Al 12 / 2016 Nguyen et al . 
2017 / 0030997 AL 2 / 2017 Hill 
2017 / 0031432 A1 2 / 2017 Hill 
2017 / 0234979 Al 8 / 2017 Mathews 
2017 / 0323174 A1 11 / 2017 Joshi et al . 
2017 / 0350961 Al 12 / 2017 Hill 
2017 / 0372524 Al 12 / 2017 Hill 
2018 / 0231649 A1 8 / 2018 Min et al . 
2018 / 0242111 Al 8 / 2018 Hill 

OTHER PUBLICATIONS 

Schmidt & Phillips , “ INS / GPS Integration Architectures ” , NATO 
RTO Lecture Seriers , First Presented Oct . 20 - 21 , 2003 ; 24 pages . 
Farrell & Barth , “ The Global Positiong System & Interial Naviga 
tion ” , 1999 , McGraw - Hill ; pp . 245 - 252 . 
Grewal & Andrews , “ Global Positioning Systems , Inertial Nagiva 
tion , and Integration ” , 2001 , John Weiley and Sons , pp . 252 - 256 . 
Jianchen Gao , “ Development of a Precise GPS / INS / On - Board Vehicle 
Sensors Integrated Vehicular Positioning System ” , Jun . 2007 , UCGE 
Reports No . 20555 ; 245 pages . 
Yong Yang , “ Tightly Coupled MEMS INS / GPS Integration with 
INS Aided Receiver Tracking Loops ” , Jun . 2008 , UCGE Reports 
No . 20270 ; 205 pages . 



US 10 , 180 , 490 B1 
Page 3 

( 56 ) References Cited 

OTHER PUBLICATIONS 

Goodall , Christopher L . , “ Improving Usability of Low - Cost INS / 
GPS Navigation Systems using Intelligent Techniques ” , Jan . 2009 , 
UCGE Reports No . 20276 ; 234 pages . 
Debo Sun , “ Ultra - Tight GPS / Reduced IMU for Land Vehicle Navi 
gation ” , Mar . 2010 , UCGE Reports No . 20305 ; 254 pages . 
Sun , et al . , “ Analysis of the Kalman Filter With Different INS Error 
Models for GPS / INS Integration in Aerial Remote Sensing Appli 
cations ” , Bejing , 2008 , The International Archives of the Photogram 
merty , Remote Sensing and Spatial Information Sciences vol . 
XXXVII , Part B5 . , 8 pages . 
Adrian Schumacher , “ Integration of a GPS aised Strapdown Inertial 
Navigation System for Land Vehicles ” , Master of Science Thesis , 
KTH Electrical Engineering , 2006 ; 67 pages . 
Vikas Numar N . , “ Integration of Inertial Navigation System and 
Global Positioning System Using Kalman Filtering ” , M . Tech Dis 
sertation , Indian Institute of Technology , Bombay , Mumbai , Jul . 
2004 ; 69 pages . 
Jennifer Denise Gautier , “ GPS / INS Generalized Evaluation Tool 
( GIGET ) for the Design and Testing of Integrated Navigation 
Systems ” , Dissertation , Stanford University , Jun . 2003 ; 160 pages . 
Farrell , et al . , “ Real - Time Differential Carrier Phase GPS = Aided 
INS ” , Jul . 2000 , IEEE Transactions on Control Systems Technol 
ogy , vol . 8 , No . 4 ; 13 pages . 
Filho , et al . , “ Integrated GPS / INS Navigation System Based on a 
Gyrpscope - Free IMU ” , DINCON Brazilian Conference on Synam 
ics , Control , and Their Applications , May 22 - 26 , 2006 ; 6 pages . 

Santiago Alban , “ Design and Performance of a Robust GPS / INS 
Attitude System for Automobile Applications ” , Dissertation , Stan 
ford University , Jun . 2004 ; 218 pages . 
U . S . Appl . No . 13 / 293 , 639 , filed Nov . 10 , 2011 , entitled “ Position 
Tracking System and Method Using Radio Signals and Inertial 
Sensing ” ; 26 pages . 
International Search Report & Written Opinion in international 
patent application PCT / US12 / 64860 , dated Feb . 28 , 2013 ; 8 pages . 
Proakis , John G . and Masoud Salehi , “ Communication Systems 
Engineering ” , Second Edition , Prentice - Hall , Inc . , Upper Saddle 
River , New Jersey , 2002 ; 815 pages . 
Pourhomayoun , Mohammad and Mark Fowler , “ Improving WLAN 
Based Indoor Mobile Positioning Using Sparsity , ” Conference 
Record of the Forty Si Nov . 14 , 2016 IDSth Asilomar Conference 
on Signals , Systems and Computers , Nov . 4 - 7 , 2012 , pp . 1393 - 1396 , 
Pacific Grove , California . 
“ ADXL202 / ADXL210 Product Sheet , ” Analog Devices , Inc . , Analog . 
com , 1999 ; 11 pages . 
U . S . Appl . No . 13 / 975 , 724 , filed Aug . 26 , 2013 , entitled , “ Radio 
Frequency Communication System ” 22 pages . 
Li , Xin , et al . “ Multifrequency - Based Range Estimation of RFID 
Tags , ” 2009 , IEEE . 
Welch , Greg and Gary Bishop “ An Introduction to the Kalman 
Filter , TR95 - 041 , ” Department of Computer Science , University of 
North Carolina at Chapel Hill , Chapel Hill , NC 27599 - 3175 , 
Updated : Monday , Jul . 24 , 2006 . 
Wilde , Andreas , “ Extended Tracking Range Delay - Locked Loop , " 
Proceedings IEEE International Conference on Communications , 
Jun . 1995 , pp . 1051 - 1054 . 

* cited by examiner 



atent Jan . 15 , 2019 Sheet 1 of 4 US 10 , 180 , 490 B1 

12a 12b 120120 
RF TRANSMITTING 

DEVICE 
11 

RECEIVER CHANNEL 
13 

DATA PROCESSOR 
14 

FIG . 1 



atent Jan . 15 , 2019 Sheet 2 of 4 US 10 , 180 , 490 B1 

+ 80 START 

INITIAL CALIBRATION 

CALCULATE ABSOLUTE PHASE ERROR FOR THE 
SYSTEM 

WW W : : : 

TRACK POSITION OF RF EMITTING DEVICE 

88 
POSITION 
TRACKING 

SUCCESSFUL 

RECALIBRATE POSITION 

92 
RECALIBRATION 
SUCCESSFUL N . 

FIG . 2 



atent Jan . 15 , 201 Jan . 15 , 2019 Sheet 3 of 4 US 10 , 180 , 490 B1 

FIG . OBTAIN RAW PHASE DIFFERENCE DATA FOR ALL ‘ P ? 
DATUM 3A 

wwwwwwwww . GOOOOOOOOO O . . . . 

FIG . CALCULATE NEW PHASE DIFFERENCE DATA USING UDING 
ABSOLUTE ERROR FOR SYSTEM 

104 
3B 

CALCULATE PRESENT X , Y , Z POSITION SOLUTION 
FROM PREVIOUS CYCLE 106 

108 IS 
DIFFERENCE 

B / W PRESENT AND 
PREVIOUS 

SOLUTION W / IN 
TOLERANCE 

110 

IS 
X , Y , Z WITHIN 
TRACKING 

BOUNDARIES 

IS . 112 
PHASE 
STABLE 

RETURN 
( TRACKING 
SUCCESSFUL ) 

ENTER 
RECALIBRATION 

( FIG . 3B ) 

FIG . 3A 



atent Jan . 15 , 2019 Sheet 4 of 4 US 10 , 180 , 490 B1 

ENTER 
RECALIBRATION 
( FROM FIG . 3A ) 

CALCULATE NEW PHASE DATA 114 

CALCULATE CYCLE COMBINATIONS FOR SYSTEM 
GEOMETRY 

SELECT ONE OF THE CYCLE COMBINATIONS 

CALCULATE POSITION BASED ON THE SELECTED 
CYCLE COMBINATION 

122 
IS 

124 
ALL 
COMB . 
DONE 

N SOLUTION www wwwwwwwwww 
CORRECT 

GO TO 102 
FIG . 3A 

ADJUST CURRENT POSITION 
TO CORRECT SOLUTION 126 

GO TO 102 
FIG . 3A 

FIG . 3B 



US 10 , 180 , 490 B1 

RADIO FREQUENCY COMMUNICATION method comprises tracking a position of a radio frequency 
SYSTEM ( RF ) transmitting device based on RF signals emitted by the 

RF - transmitting device . If the tracking loses the position of RELATED APPLICATION the RF - transmitting device , new phase difference data are 
5 calculated from RF signals transmitted by the RF - transmit This application claims the benefit of and priority to U . S . 

provisional application No . 61 / 692 , 787 , filed Aug . 24 , 2012 , ting device and received at four or more antennas , for use in 
titled “ Radio Frequency Communication System , ” the recovering the position of the RF transmitting device . A 
entirety of which is incorporated by reference herein . subset of candidate position solutions for evaluation is 

identified based on the new phase difference data . One or 
FIELD OF THE INVENTION 10 more of the candidate position solutions in the subset are 

evaluated to find an acceptable position solution . The track 
The invention relates generally to systems and methods of ing of the position of the RF - transmitting device resumes 

radio frequency ( RF ) communication . More particularly , the using the acceptable position solution . 
invention relates to systems and methods for tracking the 
position of RF transmitting devices . 15 In another aspect , the invention features a position track 

ing system for recovering from a failure during position 
BACKGROUND tracking of an RF - transmitting device . The position tracking 

system comprises a network of four or more spatially 
A commonly used method to track the position of a radio separated antennas fixed at different locations . The four or 

signal transmitting device is to use the time difference of 20 more antennas receive RF signals sent from the RF - trans 
arrival ( or , equivalently , the phase difference of arrival ) at mitting device . A first processor is programmed to calculate 
various receivers or receiver antennae ( receivers ) disposed a position of RF - transmitting device based on time of arrival 
at known locations , to determine the position of the RF information of the RF signals received by the four or more 
transmitting device . By solving the non - linear equations antennas . A data processor is programmed to calculate , if 
associated with such systems , the position of the RF trans - 25 tracking of the position of the RF - transmitting device 
mitting device can be determined . Because phase ( 0 ) and becomes lost , new phase difference data from the RF signals 
time ( t ) are related by O = wt , where w is a scalar , phase and transmitted by the RF - transmitting device and received at 
time are equivalent systems and subsequent descriptions are the four or more antennas , for use in recovering the position 
denoted by time or time differences , as appropriate . of the RF transmitting device . The data processor is further 

Typically , position tracking systems require at least three 30 programmed to identify a subset of candidate position 
or four receivers at known positions to determine a two solutions for evaluation based on the new phase difference 
dimensional or three - dimensional position recording of the data , evaluate one or more of the candidate position solu 
RF transmitting device . An example of an embodiment can tions in the subset to find an acceptable position solution , 

contain a receiver channel that includes one antenna , one and to resume the tracking of the position of the RF 
receiver , phase correlation circuitry for comparing the RF 35 transmitting device using the acceptable position solution . 
transmitting device signal ' s time difference of arrival , ADC 
circuitry , and a processor for processing the timing data . BRIEF DESCRIPTION OF THE DRAWINGS Many tracking systems use just one processor that receives 
data from each receiver channel with each receiver channel FIG . 1 is a block diagram showing an embodiment of a including both receiver hardware and the antenna . 40 

Certain computer - based applications track the position of position tracking system with position recalibration capa 
bilities . an interactive peripheral device ( i . e . , RF transmitting 

device ) and use that position data to engage a software FIG . 2 is a flowchart FIG . 2 is a flowchart of an embodiment of a process for 
program requiring high tracking accuracy . In these applica - tracking the position of an RF - transmitting device , including 
tions , the RF transmitting device is registered with screen 45 a position recalibration process for reestablishing position 
images provided by software . To make this RF transmitting should position becomes momentarily lost . 
device ' s operation effective for a user ( e . g . , to control a FIG . 3A and FIG . 3B are flowcharts of an embodiment of 
cursor on a screen ) highly accurate positions are required to the position recalibration process . 
provide realistic interaction between the user operating the 
RF transmitting device and the software program . A signal 50 DETAILED DESCRIPTION time of arrival comparison approach for RF transmitting 
device tracking can provide these higher accuracies . 

A problem with such position tracking systems is the Systems and methods described herein can effectively 
reduction in accuracy due to multipath interference and improve the performance of position tracking of RF trans 
other line - of - sight blockage issues . Multipath interference is 55 mitting devices by recovering from multipath interference 
a phenomenon whereby a wave from a source travels to a and line - of - sight blockages . An RF communication system 
detector via two or more paths and causes the detector to tracks the physical position of a wireless RF transmitting 
receive two ( or more ) components of the wave . Complete peripheral device ( e . g . , a computer mice , game controllers , 
line - of - sight blockage can occur when an object comes etc . ) . An example embodiment of the RF communication 
between the source and detector . During a multi - player 60 system includes : a receiver network of four or more ( for 
game , for example , one player can inadvertently block the three - dimensional tracking ) receiver antennae fixed at 
transmitter used by another player . known physical positions that receive radio transmissions 

from one or more wireless mobile transmitters or RF trans 
SUMMARY mitting devices ; one or more receivers connected to the 

65 receiver antennae ; a data processor that computes the rela 
In one aspect , the invention features a method of recov - tive position of each RF transmitting device through time 

ering from a lost position in a position tracking system . The difference of arrival between a reference receiver and all 
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other receiver antennae . In the RF communication system , fq = Vx2 - x ) ² + ( y2 - y ) 2 + ( 22 - 2 ) 2 – 
the data processor can compute the relative position of each V ( x2 - x ) ² + ( y? - y ) 2 + ( 21 - z ) ? ( Eq . 1 ) . 
RF transmitting device in two - dimensional or three - dimen 
sional space by comparing the time of arrival at each 
receiver antenna with the reference receiver and correlating 5 fz = V ( X3 - x ) 2 + ( Y3 - y ) 2 + ( 23 – z ) 2 
those time differences with the known physical position of V ( x2 - x ) + ( y? - y ) 2 + ( 21 - 2 ) 2 ( Eq . 2 ) . 
each antenna to determine the position of the RF transmit 
ting device . fz = V ( X4 - x ) 2 + ( 94 - y ) 2 + ( 24 - z ) ? – 

For example , in one configuration for three - dimensional V ( x2 - x ) 2 + ( y? - y ) 2 + ( 21 - 2 ) ( Eq . 3 ) . RF transmitting device position tracking , an RF transmitting where ( Xi , Yi , Zi , i = 1 , 2 , 3 , 4 ) are the positions of the receiver device transmits an RF signal that is received by at least four antennae and ( x , y , z ) is the position of the RF transmitting receiver antennae . One receiver antenna acts as the reference device being determined , f? , f , and fz are the measured antenna to compare the time difference of arrival of the RF differences in distance , respectively , between antennae 1 and 
transmitting device ' s RF signal at each of the other three 15 2 . antennae 1 and 3 and antennae 1 and 4 . These equations 
receiver antennae . This timing information and the anten can be solved using a Kalman filter or a least squares 
nas ' known positions allow the RF communication system , minimization algorithm to determine the position solution . 
through triangulation or trilateration techniques , to deter - FIG . 2 shows an embodiment of a process 80 for tracking 
mine the physical position of the RF transmitting device . the position of an RF transmitting device , including a 
Other techniques for calculating the position of the RF - 20 position recalibration in the event the positing tracking 
transmitting device are described in U . S . patent application process loses track of the device ' s position . In a description 
Ser . No . 13 / 079 , 800 , filed Apr . 4 , 2011 , titled “ Multiplexing of the process 80 , reference is made to the elements of FIG . 
Receiver System ” , the entirety of which application is 1 . At step 82 , an initial calibration is performed on the RF 
incorporated by reference herein . communication system 10 . During the initial calibration , the 

The receiver channel may or may not include a data 25 RF transmitting device 11 is disposed at a known location . 
processor , depending on application needs . For example , in An absolute phase error is calculated ( step 84 ) for all phase 
a game console application , manufacturers may want data difference data between each antenna and the reference 
processing ( with position calculation ) to occur in the console antenna , by using the present position solution from step 82 
processor that enables the receiver channel to end at the and changing the position into phase data using the known 
ADC circuit . In such an embodiment , the processor is or is 30 signal wavelength à ( for example , a transmitted 2 . 4 Ghz RF 

signal has approximately a 0 . 125 m wavelength ) . In general , separate from the receiver channel . the absolute phase error is equal to : 360 * ( distance { k } When the RF communication system operates with a RF distance { k - 1 } ) - observation { k } ) , where distance { k } , transmitting device that transmits RF signals having a wave where k = 1 , 2 , 3 , 4 , . . . represents the distance between the RF length a greater than the tracking distance from the receiver eceiver 35 transmitting device and antenna k , and where distance { k antennas , a single solution to the tracking algorithm is 1 } , where k = 1 , 2 , 3 , 4 , . . . represents the distance between the 
available . However , when the RF signals have a wavelength RF transmitting device and antenna k - 1 , and where 
à much smaller than the tracking distance , multiple position observation { k } represents the current phase difference mea 
solutions to the tracking algorithm are possible . Because of surement 
the possibility of a multiple position solution , a tracking 40 At step 86 , the RF communication system 10 tracks the 
algorithm that uses cycle counts ( i . e . , full wavelengths ) is position of the RF transmitting device 11 , as described in 
preferable . This type of tracking algorithm starts at a known connection with FIG . 1 . The process 80 continues to track 
position solution and keeps track of the phase by adding or position for as long as the position tracking remains ( step 88 ) 
subtracting cycles appropriately as the position changes . successful . If the position tracking fails , the process 80 

FIG . 1 shows an embodiment of a wireless position 45 attempts ( step 90 ) to perform position recalibration . If 
tracking system 10 including a transmitter 11 ( RF transmit position recalibration succeeds ( step 92 ) , the position track 
ting device ) carried by / attached to / embedded on an object ing resumes using the recalibrated position . Attempts to 
whose position ( x , y , z ) is to be determined , a receiver recalibrate position can continuously loop until success 
network including the receiver channel ' s antennae 12a occurs , or until persistent failure dictates other corrective 
through 12d ( generally 12 ) , whose relative positions ( X ; , Y ; , 50 action , such as rebooting . 
Z ; ) are known , a receiver channel 13 and a data processor 14 . FIG . 3A and FIG . 3B show an embodiment of a process 
At least four receiver antennae and one transmitter are 100 for position tracking that includes position recalibration 
required for determining the three - dimensional transmitter in the event the position of the RF - transmitting device 
position within the tracking environment . In position track - become lost . Position recalibration can be incorporated into 
ing system 10 , the received signal ( e . g . , Code Division 55 the basic tracking algorithm ( FIG . 2 ) , which solves the 
Multiple Access or CDMA ) is sent to the receiver channel equations above using least squares , Kalman filtering , or 
unit 13 . The data obtained from receiver channel 13 are sent other techniques known in the art . In the description of this 
to the data processor 14 . From the data , the data processor process 100 , reference is made to the elements of FIG . 1 . In 
14 calculates the position ( x , y , z ) of the RF transmitting one embodiment , data processor 14 performs the calcula 
device and can display that position on a computer screen , 60 tions herein described . As is known in the art , these calcu 
or provide the position to other applications for use . lations can be performed elsewhere , in other associated 

In one embodiment , the data processor 14 calculates the processing means . In block 102 , the receiver channel 13 
position of the RF transmitting device by using equations obtains raw ( unprocessed ) phase difference data from the 
with the known relative three - dimensional positions of the antennas 12 . From this phase difference data , the data 
receiver antennae . An example of the tracking equations , 65 processor 14 calculates ( step 104 ) new phase difference data , 
where the subscript 1 represents the reference receiver which includes the time difference of arrival between each 
antenna , follows : antenna and the reference antenna , using the absolute phase 
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difference error of the system 10 ( step 84 , FIG . 2 ) . From this yield an integer number of cycles ( i . e . , are an integer number 
new phase difference data , the data processor 14 calculates of wavelengths ) from the last known position in any x , y , z 
( step 106 ) a present position of the RF - transmitting device . direction are selected ( step 116 ) as candidates for evaluation . 
Additionally , the data processor 14 has access to the position These “ k ” candidate position solutions , also referred to as 
solution from the previous position calculation cycle . 5 cycle combinations , are saved for use in steps 118 , 120 , 122 , 

Validation of the position solution then occurs . Based on and 124 . 
the success or failure of the validation , the position tracking In one embodiment , the position recalibration process 
process 100 either returns to the tracking algorithm ( step 86 , seeks a first correct ( i . e . , acceptable ) solution . At step 120 , 
FIG . 2 ) , or performs a position recalibration process ( step one of the “ k ” candidate position solutions is selected . This 
90 , FIG . 2 ) . The first validation ( step 108 ) checks whether 10 candidate position is evaluated ( e . g . , using a least squares 
the previous and present solution differ by a predetermined position algorithm ) . This can be the same least squares 
tolerance ( toll ) . For example , the validation can perform the position algorithm used during normal position tracking ; 
tolerance test as follows : Does | | x [ p ] - x [ p - 1 ] | | < toll , and | | alternatively , the least squares position algorithm can be 
y [ p ] - y [ p - 1 ] | | < toll , and | | Z [ p ] - z [ p - 1 ] | | < toll , where [ p ] is custom specific to this operation ; or this least squares 
the present solution , ?p - 1 ] is the previous solution , x , y , and 15 position algorithm can be programmable to accommodate 
z are the position coordinates , and toll is the predefined either one . The position solution from the least squares 
tolerance ( i . e . 0 . 01 meters ) ? Although only one tolerance algorithm is evaluated in block 122 . Evaluation can consist 
( toll ) in noted , each solution component could have a of various metrics , including , for example , the size of the 
different tolerance . In addition , the tolerance can vary , based residual errors , and the location of the position solution , or 
on other criteria , for example , varying with the velocity of 20 combinations thereof , as is known in the art . If the candidate 
the RF transmitter . position solution is found to be acceptable , position recali 

A second validation verifies ( step 110 ) whether the pres - bration is considered successful ; control returns to the 
ent position solution is within an acceptable tracking vol position - tracking process ( FIG . 2 , block 86 ) , with the 
ume . The user or manufacturer of the tracking system can acceptable position solution becoming ( step 126 ) the current 
define this tracking volume , which serves to place realistic 25 position of the RF - transmitting device from which the 
limits on the tracking solution . For example , it can be tracking process resumes . Otherwise , the next “ kth ” cycle 
determined that a tracking position beyond z = 4 meters combination is selected in block 118 for evaluation in the 
results in unreliable position determination due to signal least squares routine . This loop continues ( step 124 ) until 
drop off . Accordingly , z = 4 can then be one of the limits either an acceptable candidate position solution is found or 
placed on the viable tracking volume . 30 all “ k ” cycle combinations have been evaluated . If all “ k ” 

If either of the first and second validation fails , signifying combinations are evaluated and found unacceptable , a new 
that position tracking has failed , the process 100 determines set of raw phase data ( FIG . 3A , block 102 ) is obtained , after 
( step 112 ) whether the phase is stable . After position track - which , phase stability is retested ( provided position deter 
ing fails , the position recalibration can occur only with mination continues to fail in steps 108 or 110 ) , and the 
stable phase data , such as occurs when the RF - transmitting 35 recalibration section of the process is re - entered . As an 
device is held steady . The process of determining a stable alternative technique , all “ k ” candidate position solutions 
phase includes acquiring and analyzing new phase data for can be tested first before selecting a best position solution 
a predetermined number of samples and confirming that the and returning that best position solution to the position 
phase has stayed relatively constant across these samples . tracking process . 
The definition of “ stable , ” and the length of time that 40 As will be appreciated by one skilled in the art , aspects of 
stability is maintained , can be programmable or based on the present invention may be embodied as a system , method , 
known conditions . Looping through the two validations and computer program product . Thus , aspects of the present 
( 108 , 110 ) and the phase stability process ( 112 ) can continue invention may be embodied entirely in hardware , entirely in 
indefinitely until all conditions are met to satisfy the reca - software ( including , but not limited to , firmware , program 
libration requirements . 45 code , resident software , microcode ) , or in a combination of 

FIG . 3B shows the position recalibration process , which hardware and software . All such embodiments may gener 
calculates new phase difference data by adding the absolute ally be referred to herein as a circuit , a module , or a system . 
phase error of the system ( step 84 , FIG . 2 ) to the raw phase In addition , aspects of the present invention may be in the 
difference data obtained in step 102 , FIG . 3A . form of a computer program product embodied in one or 
( New _ phase { p } = absolute _ phase _ error { p } + 50 more computer readable media having computer readable 
raw _ phase _ data { p } ) . The new phase data is converted to program code embodied thereon . 
cyclic data so that the resulting phase data is between + 180 The computer readable medium may be a computer 
degrees . ( New _ phase { p } = New _ phase { p } - 360° round readable storage medium , examples of which include , but 
( New _ phase { p } / 360° ) ) . are not limited to , an electronic , magnetic , optical , electro 

After the new phase difference data are calculated , the 55 magnetic , infrared , or semiconductor system , apparatus , or 
possible position solutions are calculated . Because the nor device , or any suitable combination thereof . As used herein , 
mal position solution space is vast when the wavelength is a computer readable storage medium may be any non 
much smaller than the tracking distance , some means of transitory , tangible medium that can contain or store a 
checking only viable possible solutions serves to greatly program for use by or in connection with an instruction 
reduce the number of candidate position solutions , and , thus , 60 execution system , apparatus , device , computer , computing 
facilitate processing performance . One embodiment reduces system , computer system , or any programmable machine or 
the number of candidates by calculating position solutions device that inputs , processes , and outputs instructions , com 
based on the geometry of the receiver antennae and the new mands , or data . A non - exhaustive list of specific examples of 
phase difference data . For example , a gridded search over a a computer readable storage medium include an electrical 
predefined volume surrounding the last known position can 65 connection having one or more wires , a portable computer 
be used to evaluate phase measurements against the antici - diskette , a floppy disk , a hard disk , a random access memory 
pated phase measurements . Only “ k ” position solutions that ( RAM ) , a read - only memory ( ROM ) , a USB flash drive , an 
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C + + . 

non - volatile RAM ( NVRAM or NOVRAM ) , an erasable What is claimed is : 
programmable read - only memory ( EPROM or Flash 1 . A method of recovering from a lost position in a 
memory ) , a flash memory card , an electrically erasable position tracking system , comprising : 
programmable read - only memory ( EEPROM ) , an optical tracking a position of a radio frequency ( RF ) transmitting 
fiber , a portable compact disc read - only memory ( CD - 5 device based on RF signals transmitted by the RF 
ROM ) , a DVD - ROM , an optical storage device , a magnetic transmitting device and received at four or more anten 
storage device , or any suitable combination thereof . A nas ; 
computer readable storage medium can be any computer determining that tracking the position of the RF - transmit 
readable medium that is not a computer readable signal ting device has failed by comparing a present position 
medium such as a propagated data signal with computer 10 of the RF transmitting device with a previous position 

of the RF transmitting device and determining that a readable program code embodied therein . difference between the present position and previous Program code may be embodied as computer - readable position exceeds a predefined tolerance ; instructions stored on or in a computer readable storage recalibrating the position tracking system to recover the medium as , for example , source code , object code , interpre - 15 position of the RF - transmitting device in response to 
tive code , executable code , or combinations thereof . Any determining that tracking the position of the RF - trans 
standard or proprietary , programming or interpretive lan mitting device has failed by : 
guage can be used to produce the computer - executable calculating phase difference data , in a time domain , 
instructions . Examples of such languages include C , C + + , from RF signals transmitted by the RF - transmitting 
Pascal , JAVA , BASIC , Smalltalk , Visual Basic , and Visual 20 device and received at the four or more antennas ; 

based on the calculated phase difference data , calcu 
Transmission of program code embodied on a computer lating a plurality of candidate position solutions ; 

readable medium can occur using any appropriate medium identifying and retaining a subset of candidate position 
including , but not limited to , wireless , wired , optical fiber solutions from the plurality of candidate position 
cable , radio frequency ( RF ) , or any suitable combination 25 solutions for evaluation , each candidate position 
thereof . solution in the subset being an integer number of 

The program code may execute entirely on a user ' s wavelengths away from a last known position of the 
device , partly on the user ' s device , as a stand - alone software RF - transmitting device ; 
package , partly on the user ' s device and partly on a remote evaluating at least one of the candidate position solu 
device or entirely on a remote device . Any such remote 30 tions in the subset using a least squares position 
device may be connected to the user ' s device through any algorithm ; and 
type of network , including a local area network ( LAN ) or a based on the evaluation , selecting one of the candidate 
wide area network ( WAN ) , or the connection may be made position solutions in the subset ; and 
to an external device ( for example , through the Internet resuming the tracking of the position of the RF - transmit 
using an Internet Service Provider ) . 35 ting device using the selected candidate position solu 

Additionally , the methods of this invention can be imple tion as a current position of the RF - transmitting device . 
mented on a special purpose computer , a programmed 2 . The method of claim 1 , wherein determining that the 
microprocessor or microcontroller and peripheral integrated tracking of the position of the RF - transmitting device has 
circuit element ( s ) , an ASIC or other integrated circuit , a failed includes comparing the present position of the RF 
digital signal processor , a hard - wired electronic or logic 40 transmitting device with boundary conditions . 
circuit such as discrete element circuit , a programmable 3 . The method of claim 1 , further comprising verifying 
logic device such as PLD , PLA , FPGA , PAL , or the like . phase stability before attempting to recover the position of 
Furthermore , the disclosed methods may be readily the RF - transmitting device . 

implemented in software using object or object - oriented 4 . The method of claim 1 , further comprising : 
software development environments that provide portable 45 calculating absolute phase difference data errors ; and 
source code that can be used on a variety of computer or adjusting the phase difference data based on the absolute 
workstation platforms . Alternatively , the disclosed system phase difference data errors ; and 
may be implemented partially or fully in hardware using adjusting the adjusted phase difference data to fall within 
standard logic circuits or a VLSI design . Whether software specific bounds . 
or hardware is used to implement the systems in accordance 505 . The method of claim 1 , wherein evaluating one or more 
with this invention is dependent on the speed and / or effi - of the candidate position solutions in the subset with a least 
ciency requirements of the system , the particular function , squares algorithm includes evaluating the one or more of the 
and the particular software or hardware systems or micro - candidate position solutions with a Kalman algorithm . 
processor or microcomputer systems being utilized . The 6 . An RF - transmitting device , comprising : 
methods illustrated herein however can be readily imple - 55 a network of four or more spatially separated antennas 
mented in hardware and / or software using any known or fixed at different locations , the four or more antennas 
later developed systems or structures , devices and / or soft receiving RF signals sent from the RF - transmitting 
ware by those of ordinary skill in the applicable art from the device ; and 
functional description provided herein and with a general a data processor programmed to calculate , in a time 
basic knowledge of the computer arts . 60 domain , a position of the RF - transmitting device based 

While this invention has been described in conjunction on time of arrival information of the RF signals 
with a number of embodiments , it is evident that many received by the four or more antennas , the data pro 
alternatives , modifications and variations would be or are cessor being further programmed to : 
apparent to those of ordinary skill in the applicable arts . determine that the position of the RF - transmitting 
Accordingly , it is intended to embrace all such alternatives , 65 device is lost by comparing a present position of the 
modifications , equivalents , and variations that are within the RF - transmitting device with a previous position of 
spirit and scope of this invention . the RF transmitting device , and determining that a 
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difference between the present position and previous using the selected candidate position solution as a 
position exceeds a predefined tolerance ; and current position of the RF - transmitting device . 

recover the position of the RF - transmitting device in 7 . The position tracking system of claim 6 , wherein in 
response to determining the position of the RF - determining that the position of the RF - transmitting device 
transmitting device is lost by calculating phase dif - 5 is lost , the data processor is further programmed to compare 
ference data from the RF signals transmitted by the the present position of the RF transmitting device with 
RF - transmitting device and received at the four or boundary conditions . 
more antennas , calculating a plurality of candidate 8 . The position tracking system of claim 6 , wherein the 
position solutions based on the calculated phase data processor is further programmed to verify phase sta 
difference data , identifying and retaining a subset of 10 f 10 bility before attempting to recover the position of the 
candidate position solutions from the plurality of RF - transmitting device . 
candidate position solutions for evaluation , each 9 . The position tracking system of claim 6 , wherein the 
candidate position solution in the subset being an data processor is further programmed to calculate absolute 
integer number of wavelengths away from a last phase difference data errors , adjust the phase difference data 
known position of the RF - transmitting device , evalu - 13 15 based on the absolute phase difference data errors , and adjust 
ating at least one of the candidate position solutions the adjusted , phase difference data to fall within specific 
in the subset using a least squares position algorithm , bounds . 
selecting one of the candidate position solutions in 10 . The position tracking system of claim 6 , wherein the 
the subset based on the evaluation , and resuming the least squares algorithm is a Kalman algorithm . 
tracking of the position of the RF - transmitting device 


